The influence of grain growth inhibitors and powder size on the microstructure and mechanical properties of ultrafine and nanostructured cemented carbides was researched. Three different WC powders, with an addition of different type and content of grain growth inhibitors GGIs, VC and Cr 3 C 2 and with d BET grain sizes in the range from 95 to 150 nm were selected as starting powders. Four different mixtures with 6 and 9 wt. % Co were prepared. The consolidated samples are characterized by different microstructural and mechanical properties with respect to the characteristics of starting powders. Increased sintering temperatures led to microstructural irregularities in the form of a discontinuous WC growth, carbide agglomerates and abnormal grain growth as a consequence of coalescence via grain boundary elimination. The addition of 0.45% Cr 3 C 2 contributed to microstructure homogeneity, reduced discontinuous and continuous grain growth, and increased Vickers hardness by approximately 70 HV and fracture toughness by approximately 0.15 MN/m 3/2 . The reduction of the starting powder to a real nanosize of 95 nm resulted in lower densities, and significant hardness increase, with a simultaneously small increase in fracture toughness. The consolidation of real nanopowders (d BET < 100 nm) solely by conventional sintering in hydrogen without isostatic pressing is not preferred.
Introduction
Ultrafine cemented carbides with a d WC grain size in the range from 0.2 to 0.500 µm and nanostructured cemented carbides with a d WC grain size < 0.200 µm are consolidated from ultrafine and nanosized WC starting powders, which are characterized by a big surface area and a very high sintering activity. One of the biggest challenges of sintering ultrafine and nanoscaled powders is the retention of a small WC grain size in the sintered product [1, 2] . Numerous attempts to achieve nanostructured cemented carbides have failed due to high sintering activity of WC nanopowders [2, 3] . For that reason, the nano-and near nanopowders with very low sintering activity with respect to the re-crystallization during liquid phase sintering were developed [2, 4] . Furthermore, powders with small amounts of the so-called grain growth inhibitors, GGIs, homogeneously distributed in powder mixtures, were used. GGIs are dissolved in the Co matrix, segregated at WC-Co interfaces, thereby forming a solid solution with a lower melting temperature in the range from 1200 to 1250 • C, saturated with GGIs [5, 6] . The most common GGIs are vanadium carbide, VC, chromium carbide, Cr 3 C 2 , tantalum carbide, TaC, titanium carbide, TiC and niobium carbide NbC, and due to their effectiveness, they can be ranked in the following order: VC > Cr 3 C > NbC > TaC [6] . Their primary task is to preserve the particle size of starting powders in the sintered product, while at the same time influencing the properties of consolidated samples: decreasing density, increasing the value of hardness at room temperature, and also affecting toughness, hardness and creep resistance at elevated temperatures. The combination of VC-Cr 3 C 2 (TaC) proved the most effective due to its high solubility and mobility in the Co binder, which results in an optimal combination of hardness and toughness [7, 8] . The process of grain growth in cemented carbides can be characterized as both continuous and discontinuous. Continuous growth is characterized by uniform growth of WC grains, while discontinuous growth characterizes growth of isolated WC grains or groups of WC grains, which grow faster and larger compared to the surrounding grains [8] [9] [10] . Both growth processes must be avoided in order to obtain satisfactory properties in the sintered products since mechanical properties of ultrafine and nanostructured cemented carbides are directly dependent on the developed microstructure: WC grain size, mean free path of Co and contiguity of WC grains [2, 10] . Homogeneous microstructure without grain growth and homogeneous distribution of cobalt between carbide grains lead to optimal strength and improvements of hardness and toughness, while microstructural irregularities, like porosity and especially abnormal grain growth, result in poor transverse rupture strength [11] . Abnormal grain growth is characteristic of a system with faceted grains, which possess a singular interface and anisotropic surface energy.
Microstructure characteristics and mechanical properties of ultrafine and nanostructured cemented carbides were developed by conventional liquid phase sintering in hydrogen with respect to characteristics of the starting powder, and GGIs and the grain size of starting powders were researched. The influence of sintering temperature on microstructure and mechanical properties of sintered samples was analyzed. The research was performed to examine the possibility of consolidation by sintering in hydrogen atmosphere.
Materials and Methods
Near nano-and nanopowders were used as starting materials. According to the producers specification (HC Starck, Goslar, Germany) the powders have an average d BET grain size in the range from 95 to 150 nm and a specific surface area (BET) in the range from 2.5 to 4.0 m 2 /g. The selected WC powders had an addition of a different type and content of GGIs; VC and Cr 3 C 2 . The Co powder used was HMP Co, produced by Umicore (Bruxelles, Belgium). It has a d BET of 210 nm and a specific surface area (BET) of 2.96 m 2 /g. The characteristics of starting powders are presented in Table 1 . Powders with different characteristics were selected in order to investigate the influence of grain size and GGIs on the behavior during sintering and the microstructure and mechanical properties of sintered samples. WC powders were mixed with 6 and 9 wt. % Co and paraffin wax dissolved in hexane. WC-9Co mixtures had the same grain size of the starting WC powder, 150 nm, but different GGIs in order to examine their influence on the properties of sintered samples. WC-6Co mixtures had the same type of grain growth inhibitors, VC + Cr 3 C 2 , but different grain sizes of starting powders so as to analyze the influence of grain size on the properties of sintered samples. Mixing was carried out in a horizontal ball mill for the purpose of WC and Co homogenization. After subsequent drying of the slurry and granulation by sieving, the samples were compacted by uniaxial die pressing at room temperature on a hydraulic press. Different pressures were used for the compaction of green parts. The compaction pressure of 180 MPa was applied for the mixtures with 150 nm starting powders while the compaction pressure of 250 MPa was applied for the mixture with 95 nm starting powder. Dewaxing of green compacts was carried out in a separate cycle at 800 • C. Before entering the sintering furnace, green compacts were placed on graphite trays and covered with aluminum oxide, Al 2 O 3 , which creates an atmosphere around the green compacts and separates each green compact. The samples were sintered by conventional liquid phase sintering in hydrogen. Sintering was performed at temperatures ranging from 1360 to 1420 • C in order to research the influence of sintering temperature on the microstructure and mechanical properties. Twelve samples overall were consolidated. The parameters of consolidation are presented in Table 2 . The density of the consolidated samples was determined using the Archimedes method, weighing the samples in air and in liquid according to EN ISO 3369:2006. The degree of porosity and uncombined carbon was determined by comparing the polished surface with photo micrographs from the standard (ISO 4505:1978) . The analysis was performed using an optical microscope, a scanning electron microscope, or SEM (Tescan, Brno, Czech Republic), and a field emission electron microscope, or FESEM (Tescan, Brno, Czech Republic). The measurement of WC grain size was carried out by a conventional linear intercept method according to EN ISO 4499-2:2011 at very high magnification in order to isolate each individual grain at FESEM (50000×, 60000×). During the microstructure analysis on the field emission scanning electron microscope, it was found that for the analysis of such small grain sizes it is not recommended to etch the surface. Due to very small grain size it was necessary to evaporate the sample surface with carbon. Vickers hardness HV30 and Palmqvist toughness were measured simultaneously according to ISO 28079:2009 on the basis of five indentations performed on each sample.
Results and Discussion
The characteristics of sintered samples are presented in Table 3 . 
Density and Microstructural Characteristics
Lower degree of porosity was achieved for samples with higher Co content. The degree of porosity of WC-9Co samples is predominantly A02, partially A < 02, predominantly B00, partially B02, without uncombined carbon or η-phase. The degree of porosity of WC-6Co samples ranges from A02 to A06, predominantly B02, without uncombined carbon or η-phase. Additionally, small cracks occurred on several samples resulting from one of the following technological operations: milling, waxing or granulation. Achieved densities of all samples are lower than the theoretical density. Densities measured for WC-9Co samples range from 99.2% to 99.6% of the theoretical density and the maximal density is obtained for sample 1-2 sintered at 1400 • C. Densities measured for WC-6Co samples are lower compared to the WC-9Co mixture and range from 98.6% to 99.2%. Even with higher compaction pressures used during uniaxial die pressing, the high degree of porosity with pore sizes larger than 2 µm was obtained for the WC-6Co/2 mixture ( Figure 1 ). 
Lower degree of porosity was achieved for samples with higher Co content. The degree of porosity of WC-9Co samples is predominantly A02, partially A < 02, predominantly B00, partially B02, without uncombined carbon or η-phase. The degree of porosity of WC-6Co samples ranges from A02 to A06, predominantly B02, without uncombined carbon or η-phase. Additionally, small cracks occurred on several samples resulting from one of the following technological operations: milling, waxing or granulation. Achieved densities of all samples are lower than the theoretical density. Densities measured for WC-9Co samples range from 99.2% to 99.6% of the theoretical density and the maximal density is obtained for sample 1-2 sintered at 1400°C. Densities measured for WC-6Co samples are lower compared to the WC-9Co mixture and range from 98.6% to 99.2%. Even with higher compaction pressures used during uniaxial die pressing, the high degree of porosity with pore sizes larger than 2 μm was obtained for the WC-6Co/2 mixture ( Figure 1 ). The influence of sintering temperature on the density of consolidated samples is presented graphically in Figure 2 . The influence of sintering temperature on the density of consolidated samples is presented graphically in Figure 2 .
WC-9Co mixtures had the same trend, and they recorded an increase in density with increasing sintering temperature. The highest density of WC-9Co mixtures was obtained at 1400 • C. The difference between the measured density with respect to sintering temperature is small and amounts to only 0.3% to 0.4%, which may be due to compaction. The maximal density achieved for WC-9Co samples is 99.6% of the theoretical density, which is a highly relevant result for the process of sintering in hydrogen atmosphere. Sun published that the density of WC-Co samples with a grain sizes of approximately 0.250 µm is significantly influenced by Cr 3 C 2 content. The increase of 0.4 wt. % Cr 3 C 2 content considerably reduces the density; when the Cr 3 C 2 content is small the change is slight [8] . The addition of 0.45% Cr 3 C 2 in WC-9Co/1 did not lead to lower density compared to WC-9Co/2, which has only 0.27% VC. WC-6Co mixtures recorded lower values of measured density compared to WC-9Co mixtures. The density of WC-6Co/1 ranges from 99.0% to 99.2% of the theoretical density. The maximal value is achieved at the lowest sintering temperature, meaning that full densification was achieved. The density decreases with increasing temperature, which can be explained by the fact that the samples were compacted by uniaxial die pressing, the lack whereof is density non-uniformity. The density of WC-6Co/2 is increasing with increasing sintering temperature. WC-6Co/2 has a GGIs content two times higher compared to WC-6Co/1, which may indicate that GGIs influenced the achieved densities. In general, it can be concluded that the mixtures with lower Co content achieved lower densities. The achieved densities are quite low compared to densities which could be achieved by sinter-HIP process. WC-9Co mixtures had the same trend, and they recorded an increase in density with increasing sintering temperature. The highest density of WC-9Co mixtures was obtained at 1400 °C. The difference between the measured density with respect to sintering temperature is small and amounts to only 0.3% to 0.4%, which may be due to compaction. The maximal density achieved for WC-9Co samples is 99.6% of the theoretical density, which is a highly relevant result for the process of sintering in hydrogen atmosphere. Sun published that the density of WC-Co samples with a grain sizes of approximately 0.250 μm is significantly influenced by Cr3C2 content. The increase of 0.4 wt. % Cr3C2 content considerably reduces the density; when the Cr3C2 content is small the change is slight [8] . The addition of 0.45% Cr3C2 in WC-9Co/1 did not lead to lower density compared to WC-9Co/2, which has only 0.27% VC. WC-6Co mixtures recorded lower values of measured density compared to WC-9Co mixtures. The density of WC-6Co/1 ranges from 99.0% to 99.2% of the theoretical density. The maximal value is achieved at the lowest sintering temperature, meaning that full densification was achieved. The density decreases with increasing temperature, which can be explained by the fact that the samples were compacted by uniaxial die pressing, the lack whereof is density non-uniformity. The density of WC-6Co/2 is increasing with increasing sintering temperature. WC-6Co/2 has a GGIs content two times higher compared to WC-6Co/1, which may indicate that GGIs influenced the achieved densities. In general, it can be concluded that the mixtures with lower Co content achieved lower densities. The achieved densities are quite low compared to densities which could be achieved by sinter-HIP process.
The size of the starting powders is almost retained at the lowest sintering temperatures. Accordingly, some of the consolidated cemented carbides can be classified as nanostructured WCCo (dWC < 0.200 μm) where dWC represents the mean WC grain size determined by linear intercept method. The microstructure of samples obtained by SEM at the lowest sintering temperature, 1360 °C, is presented in Figure 3 . The size of the starting powders is almost retained at the lowest sintering temperatures. Accordingly, some of the consolidated cemented carbides can be classified as nanostructured WC-Co (d WC < 0.200 µm) where d WC represents the mean WC grain size determined by linear intercept method. The microstructure of samples obtained by SEM at the lowest sintering temperature, 1360 • C, is presented in Figure 3 .
The microstructures are fine, with uniform grain size distribution, homogeneous and without abnormal grain growth at lower sintering temperatures. Nevertheless, a difference in microstructure between samples was noted. The smallest grain size of d WC = 0.166 nm was measured for sample 4-1 (Figure 3d ). The most homogenous microstructure was noted for sample 3-1 (Figure 3c) . The biggest grain size of d WC = 0.251 was measured for sample 2-1 (Figure 3b) , where a discontinuous growth of single carbides in the microstructure, even at the lowest sintering temperature, was noted. Microstructural defects in the form of discontinuous growth of individual WC grains and abnormal grain growth of carbide agglomerates occurred, especially for mixture 2, at higher sintering temperatures. Discontinuous growth of individual WC grains, which grows more dramatically, faster and larger compared to surrounding grains, and the grouping of carbides are presented in Figure 4 .
In general, such behavior represents a classical theory called Ostwald ripening (solution/ re-precipitation process), where large WC grains grow at the expense of small WC grains that dissolve in Co binder spread around the grains. This process is called coarsening of WC grains. Still, scientists have found that Ostwald ripening/coarsening is not sufficient to explain grain growth in nanostructured cemented carbides with lower Co content where WC grains are not surrounded by Co binder but with one another. A new mechanism suggested by numerous scientists [6, 11, 12] is coalescence. Coalescence is the process by which two or more faceted WC grains merge during contact and consequently form a larger grain by diffusion and grain rotation thought rapid mass 11] . This mechanism can take place only if the grains are already bonded to each other, with a grain boundary and preferred orientations, as presented in Figure 5 . Further holding at the sintering temperature would result in grain boundaries movement, the consequence of which would be further grain growth. Another reason for discontinuous grain growth can be chemical inhomogenities (i.e., S, Ca, C, etc.) and areas without GGIs. The microstructures are fine, with uniform grain size distribution, homogeneous and without abnormal grain growth at lower sintering temperatures. Nevertheless, a difference in microstructure between samples was noted. The smallest grain size of dWC = 0.166 nm was measured for sample 4-1 (Figure 3d) . The most homogenous microstructure was noted for sample 3-1 (Figure 3c) . The biggest grain size of dWC = 0.251 was measured for sample 2-1 (Figure 3b) , where a discontinuous growth of single carbides in the microstructure, even at the lowest sintering temperature, was noted. Microstructural defects in the form of discontinuous growth of individual WC grains and abnormal In general, such behavior represents a classical theory called Ostwald ripening (solution/reprecipitation process), where large WC grains grow at the expense of small WC grains that dissolve in Co binder spread around the grains. This process is called coarsening of WC grains. Still, scientists have found that Ostwald ripening/coarsening is not sufficient to explain grain growth in nanostructured cemented carbides with lower Co content where WC grains are not surrounded by Co binder but with one another. A new mechanism suggested by numerous scientists [6, 11, 12] is coalescence. Coalescence is the process by which two or more faceted WC grains merge during contact and consequently form a larger grain by diffusion and grain rotation thought rapid mass transport [11] . This mechanism can take place only if the grains are already bonded to each other, with a grain boundary and preferred orientations, as presented in Figure 5 . Further holding at the sintering temperature would result in grain boundaries movement, the consequence of which would be further grain growth. Another reason for discontinuous grain growth can be chemical inhomogenities (i.e., S, Ca, C, etc.) and areas without GGIs. The influence of sintering temperature on WC grain size is illustrated in Figure 6 . The influence of sintering temperature on WC grain size is illustrated in Figure 6 . The influence of sintering temperature on WC grain size is illustrated in Figure 6 . The sintering temperature contributed significantly to microstructural characteristics of consolidated cemented carbides. The size of WC grains increases with increasing sintering temperatures for all mixtures. The largest increase was recorded for WC-9Co/2; 150 nm and the addition of VC. At the lowest sintering temperature, the measured WC grain size is 0.251 μm, which is an increase of 0.1 μm compared to the starting powder. It is important to note that microstructural analysis showed the existence of abnormal grain growth and grouping of carbides, especially at the The sintering temperature contributed significantly to microstructural characteristics of consolidated cemented carbides. The size of WC grains increases with increasing sintering temperatures for all mixtures. The largest increase was recorded for WC-9Co/2; 150 nm and the addition of VC. At the lowest sintering temperature, the measured WC grain size is 0.251 µm, which is an increase of 0.1 µm compared to the starting powder. It is important to note that microstructural analysis showed the existence of abnormal grain growth and grouping of carbides, especially at the highest sintering temperatures. It follows that the addition of 0.27% VC as GGI is too low to retain grain size of the starting powder in the sintered samples. Mixture WC-9Co/1, 150 nm with the addition of Cr 3 C 2 and VC, retains a smaller grain size in relation to the starting powder. The grain growth of WC-9Co/1 in general is slightly higher compared to WC-6Co/1 consolidated from the same starting powder but with lower Co content. Co content contributed to the recrystallization and grain growth of near nano-and nanostructured cemented carbides sintered in hydrogen, confirming the role of Co in grain growth, already researched by various scientists [11, [13] [14] [15] . The smallest grain sizes were measured for WC-6Co/2, 95 nm and the addition of Cr 3 C 2 and VC, but in higher content compared to other mixtures. The finer the grain size of the starting powder, the smaller the final grain size. Yet at the highest sintering temperature, the grouping of the carbides and grain growth occurred for all samples. WC grain growth is dependent on the type and amount of GGIs and the grain size of the starting powder.
Mechanical Properties
The characteristics of starting powders, sintering temperature and achieved microstructure influenced the mechanical properties of consolidated samples. A graphical representation of the correlation between Vickers hardness and sintering temperature is presented in Figure 7 .
The measured hardness is substantially influenced by sintering temperature and a consequently developed microstructure. Maximal hardness values were measured at the lowest sintering temperature, where the most uniform, homogenous microstructure was achieved for all mixtures. Furthermore, the characteristics of starting powders, GGIs and WC grain size of the starting powder influenced the measured hardness. The highest hardness was measured for WC-6Co/2 with the smallest grain size of the starting powder and the highest content of GGIs. The lowest hardness was achieved for WC-9Co/2 with the lowest content of GGIs and the biggest grain size. The correlation of Palmqvist toughness and sintering temperatures is presented in Figures 8 and 9 . the starting powder. Figure 7 . The measured hardness is substantially influenced by sintering temperature and a consequently developed microstructure. Maximal hardness values were measured at the lowest sintering temperature, where the most uniform, homogenous microstructure was achieved for all mixtures. Furthermore, the characteristics of starting powders, GGIs and WC grain size of the starting powder influenced the measured hardness. The highest hardness was measured for WC-6Co/2 with the smallest grain size of the starting powder and the highest content of GGIs. The lowest hardness was achieved for WC-9Co/2 with the lowest content of GGIs and the biggest grain size. The correlation of Palmqvist toughness and sintering temperatures is presented in Figures 8 and 9 . The measured Palmqvist toughness of WC-9Co mixtures is the same for all three sintering temperatures. The maximal value of 9.57 MN/m 3/2 was measured for sample 1-2 sintered at 1400 °C. Higher values were achieved for WC-9Co/1, 150 nm and VC and Cr3C2. Palmqvist toughness does The measured Palmqvist toughness of WC-9Co mixtures is the same for all three sintering temperatures. The maximal value of 9.57 MN/m 3/2 was measured for sample 1-2 sintered at 1400 °C. Higher values were achieved for WC-9Co/1, 150 nm and VC and Cr3C2. Palmqvist toughness does not change with the increase in sintering temperature, which causes microstructural irregularities and consequently a change in hardness. The measured Palmqvist toughness of WC-9Co mixtures is the same for all three sintering temperatures. The maximal value of 9.57 MN/m 3/2 was measured for sample 1-2 sintered at 1400 • C. Higher values were achieved for WC-9Co/1, 150 nm and VC and Cr 3 C 2 . Palmqvist toughness does not change with the increase in sintering temperature, which causes microstructural irregularities and consequently a change in hardness.
The sintering temperature did not influence the Palmqvist toughness of WC-6Co mixtures. A slightly higher Palmqvist toughness was achieved for the WC-6Co/2 mixture with a smaller grain size of the starting powder and a higher content of GGI. The correlation of Palmqvist toughness versus Vickers hardness for WC-9Co mixtures with respect to GGIs and the correlation of Palmqvist toughness and Vickers hardness for WC-6Co mixtures with respect to d BET of starting powders and GGI content are presented in Figures 10 and 11 . A significant difference in the measured Vickers hardness was noted comparing WC-6Co mixtures with the same type of GGIs but a different d BET grain size and a specific surface area (BET) of starting WC powders. The reduction in grain size from 150 nm to a real nanosize of 95 nm resulted in significant hardness increase (150 HV) for all sintering temperatures. Nonetheless, in spite of a significant increase in hardness, the measured value of fracture toughness is only slightly higher and more uniform. Fracture toughness stability is not typical of the majority of materials, including conventional WC-Co cemented carbides. It is important to note that GGIs also contributed to this behavior. Grain size reduction may result in significant hardness increase, while there is no decrease in toughness.
Conclusions
The following conclusions can be drawn from the conducted research:
(1) In general, higher densities are achieved with higher Co content and greater grain size of the starting powder. Achieved densities of WC-9Co mixtures are close to theoretical densities.
Comparing two WC-9Co mixtures with a 150 nm starting powder with different GGIs, it can be concluded that the addition of 0.45 wt. % Cr 3 C 2 did not lead to lower density. The achieved densities are lower compared to densities which would be achieved with a sinter-HIP process or by sintering in vacuum. (2) The behavior of the 95 nm starting powder, classified as real nanopowder, is completely different compared to the 150 nm staring powder; higher pressures are needed for the consolidation of green parts. Even with higher pressures, a microstructure with a lower densities was obtained. The consolidation of real nanopowders only by sintering in hydrogen without isostatic pressing is not recommended. Sinter-HIP process would be more suitable for the consolidation of real nano powders. (3) The sintering temperature significantly impacted the microstructure of ultrafine and nanostructured cemented carbides. Increased sintering temperatures lead to microstructural irregularities in a form of discontinuous WC growth, carbide agglomerates and abnormal grain growth, as well as significant hardness decrease, especially for the mixture with only VC as GGIs. The lowest sintering temperature resulted in a fine-grained homogenous microstructure. It is preferred to use a higher amount of GGIs in case of sintering in hydrogen atmosphere. Author Contributions: Tamara Aleksandrov Fabijanić performed density, grain size, hardness and fracture toughness measurements, analyzed the data and wrote the paper; Suzana Jakovljević performed microstructural analysis with a scanning electron microscope; Mladen Franz analyzed the data; and Ivan Jeren consolidated the samples.
